Two mutants which lacked both capsular and lipopolysaccharide 0-antigen polysaccharides were isolated from Klebsiella aerogenes serotype 2 by phage selection ; these were designated rough mutants. The polysaccharide fractions sohbilized by partial acid hydrolysis of the lipopolysaccharide from both the wild type and mutants were chromatographed on Sephadex G-50. Analysis of the fractions obtained confirmed that the rough mutants lacked the galactan portion of the molecule, which is analogous to the Salmonella 0-antigen polysaccharide.
I N T R O D U C T I O N
The lipopolysaccharides (LPS) of K. aerogenes do not appear to have the same relatively simple basal structure as those of Salmonella spp. and Escherichia coli. The polysaccharide is a complex mixture of fragments varying in both molecular weight and monosaccharide content (Sutherland & Wilkinson, 1966; Koeltzow, Epley & Conrad, 1968) . A branched galactan has been proposed to be analogous to the 0-antigen region of the Salmonella LPS, and other fragments of polysaccharide may represent intermediate structures in the biosynthesis of the complete LPS (Koeltzow & Conrad, 1971) .
During biosynthetic studies on the capsular polysaccharide of K. aerogenes, Sutherland & Norval (1970) found that sugar nucleotide precursors for the capsular polysaccharide could also be incorporated into lipopolysaccharide. If the 0-antigen region of the K. aerogenes LPS is synthesized in an analogous manner to that in Salmonella (Nikaido, I973) , then it must be assumed that lipid intermediates isolated from polysaccharide-synthesizing cell-free systems are a mixture of both LPS and capsular polysaccharide precursors.
The aim of ,this study was to isolate mutants from non-capsulate strains, which lacked the 0-antigen, and to use such mutants, together with non-capsulate strains, to obtain information on the possible fate of sugar nucleotide precursors in cell-free systems. Klebsiella aerogenes serotype 2 was chosen for this work because its capsular polysaccharide contained mannose, but no galactose -the major 0-antigen component. The structure * Present address : Microbiological Chemistry Research Laboratory, School of Chemistry, The University. Newcastle-upon-Tyne NEI 7RU. Strains and media. Klebsiella aerogenes serotype 2, N C T C~O~~, a non-capsulate mutant ~4 which had been isolated previously in this laboratory (using a method similar to that described below) from nitrosoguanidine-treated N C T C~O~~ bacteria by visual examination for non-mucoid colonies, and the two rough mutants (isolated as described below) were grown in I 1 BBL trypticase soy broth in 2 1 Erlenmeyer flasks incubated at 30 "C on an orbital shaker.
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Bacteriophage F418, a strain from the departmental collection, was isolated from local sewage by the method described by Sutherland & Wilkinson (1965) . It was maintained as a high-titre suspension, filter-sterilized, in nutrient broth at 4 "C.
Materials. Sugar nucleotides were purchased from the Boehringer Corp., London, and UDP[14C]glucose and GDP[14C]mannose were obtained from The Radiochemical Centre, Amersham, Buckinghamshire.
Mutagenesis. Portions (I 00 ml) of exponential-phase cultures of non-mucoid strains were washed once in 0.85 % (w/v) sodium chloride, resuspended in 10 ml o-I M-citratelphosphate buffer, pH 6-I, containing I mg N-methyl-N'-nitro-N-nitrosoguanidine (Koch-Light), and left at room temperature for 75 min. The bacteria were then washed twice with 10 mlo.85 % NaCl, resuspended in a further 10 ml, and I ml of the suspension was inoculated into IOO ml trypticase soy broth and incubated for I 2 h. Phage selection. Portions (5 ml) of the 12 h cultures which had undergone mutagenesis were uszd to inoculate broth (100 ml). After incubation for 4 h, samples were spread on to plates of Oxoid nutrient agar supplemented with I % (w/v) glucose. The excess was removed with a sterile pasteur pipette, and the plates were allowed to dry. Drops of phage F418 (4 x IO* plaque-forming units/ml) were spotted on to the plates, the plates were dried, and then incubated at 30 "C overnight. Colonies of phage-resistant mutants were picked from the centre of the zones of clearing and streaked out for single colonies. Colonies which still appeared to be non-mucoid were tested for autoagglutinability by inoculation into 10 ml trypicase soy broth in a test-tube. Those which autoagglutinated (a property of Salmonella roughmutants) after 12 h incubation were grown in I 1 trypticase soy broth for ihe preparation and analysis of their lipopolysaccharide.
Preparation of lipopolysaccharide. Lipopolysaccharide was extracted from freeze-dried bacteria by the hot aqueous-phenol procedure of Westphal & Luderitz (1954) . The upper aqueous phase was dialysed against running water for 16 h, concentrated to a small volume by rotary evaporation, and centrifuged at IOOOOO g for 4 hr. The lipopolysaccharide, which pelleted as a clear gel, was washed, suspended in distilled water and freeze-dried.
Hydrolyses. (i) Total hydrolysis of the glycosidic bond was achieved by treatment with I M-H,SO, at IOO "C for 3 h in a sealed tube. Neutralization was carried out by adding excess Dowex 2 (HCO; form) resin, washing the resin free of hydrolysate in a small no. I
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sintered glass-funnel with distilled water, and finally concentrating the aqueous solution to a small volume by rotary evaporation.
(ii) For partial hydrolysis, 10 to 20 mg LPS was dissolved in 2 ml I % (v/v) acetic acid, sealed in a glass tube and hydrolysed for 90 min in a boiling water bath. The coagulated lipid A was removed by centrifuging and the soluble polysaccharide solution was filtered through a no. 4 sintered-glass funnel and freeze-dried.
Paper chromatography. Hydrolysed polysaccharides were analysed by descending chromatography on Whatman no. I paper, irrigating with butan-I-ollpyridinelwater (6 : 4: 3, by vol.) for 24 h. Saccharides were detected using the alkaline silver-nitrate reagents of Trevelyan, Procter & Harrison (1950) . Pentoses and hexoses were differentiated by spraying with saturated aniline oxalate in water and heating to 105 "C.
Column chromatography. The polysaccharide fraction of partially hydrolysed LPS was chromatographed on Sephadex G-50 (Pharmacia). The eluting buffer was pyridinium acetate (4 ml pyridine and 10 ml acetic acid made up to I 1 with distilled water; Schmidt, Jann & Jann, 1969). Fractions (0.25 ml) were tested with the phenol-sulphuric acid reagents of Dubois et al. (1956) .
Cell-free incubation mixtures. Cell suspensions (30 %, wet w/v; 5 ml) in 0.85 % NaCl contained in glass tubes surrounded by an ice/ethanol mixture, were disrupted in an M.S.E. 100 W ultrasonic djstintegrator set at maximum amplitude for 3 x 30 s.
Unbroken cells were removed by centrifuging at 5000 g for 5 min at 4 "C. The membranes were sedimented at IOOOOO g for I h at o "C, suspended in ice-cold distilled water at a concentration of 20 to 30 mg protein ml-l and stored as I ml portions at -20 "C.
The incubation mixture, for following the incorporation of sugars from their nucleotide precursors into lipid intermediates and polymer, contained Assay of products from incubation mixtures. Incorporation into lipid intermediates was followed by extracting samples (50 1. 1) with 4 ml chloroform/methanol (2 : I , v/v) at 60 "C for 5 min. This was partitioned with I ml 0.85 % NaCl and vortexed. After separating the phases with Whatman IPS (phase separating) papers, the organic phase was evaporated and its radioactivity was measured in a Packard Tricarb liquid scintillation spectrophotometer, model 3330 (Packard Instruments, Caversham, Berkshire), using I o ml Triton scintillation fluid (9-1 g PPO, 0.22 g dimethylPOPOP and 500 ml Triton X-IOO in 1-16 1 toluene).
Incorporation into polymer was followed by spotting samples (5 1.1) from the incubation mixtures on to Whatman no. I paper and irrigating with ethanol/I M-ammonium acetate, pH 7-3 (7:3, v/v). The origins were cut out and counted in a toluene scintillation fluid
Protein was determined by the method of Lowry et al. (1951) , heptose and 2-keto-3-deoxyoctonic acid (KDO) by the methods of Osborn (I 963) , and glucosamine by the method of Strominger, Park & Thompson (1959) . Glucose was determined using the glucose oxidase reagents (Boehringer) and galactose by the ' Galactostat ' galactose oxidase reagent (Worthington Biochemical Corp., Freehold, New Jersey, U.S.A.). A 250 x 20 mm column of Sephadex G-50 was eluted with pyridinium acetate buffer (described in Methods). Fractions (I ml) were collected, and 0.25 ml of each was analysed for carbohydrate by the phenol-sulphuric method of Dubois et QZ. (1956) . Fractions 18 to 25 (peak I) and 36 to 42 (peak 11) were pooled.
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RESULTS
Selection and characterization of mutants
After mutagenesis, phage-resistant mutants were selected from the non-mucoid strains of K. aerogenes. Mutants designated IOB and 3 6~ were both non-mucoid and autoagglutinable and both could possibly be rough mutants. Other phage-resistant mutants were isolated, but these appeared to be revertants to the capsulated form. (c) mutant IOB. Incubation mixtures were Set up as described in Methods. Samples (50 pl) were removed, extracted with chloroform/methanol (2 : I , vlv) and the organic phase was assayed for radioactivity.
Rough mutants of Klebsiella aerogenes
The LPS was extracted from wild-type bacteria, mutants IOB and 36~, and from a nonmucoid strain (~4 ) of K. aerogenes which has apparently normal LPS. Acid hydrolysis (I M-H,SO,, 3 h, roo "C) of the intact LPS, followed by paper chromatography, showed that the normal LPS from wild type and ~4 was composed of glucose and galactose, with a minor amount of glucosamine. The LPS from mutants IOB and 3 6~ totally lacked galactose. Quantitative analysis (Table I) suggested that mutants IOB and 3 6~ were of !he required type i.e. they apparently lacked the 0-antigen (galactan).
Partial acid hydrolysis was carried out on the LPS from wild-type, ~4 and IOB strains, and the soluble polysaccharides were fractionated on Sephadex G-50. The elution profiles are shown in Fig. I . The fractions corresponding to peaks I and I1 were pooled, reduced in volume and hydrolysed in I M-HCI for 3 h at IOO "C. Paper chromatography of the products showed that the peak I fraction was composed almost entirely of galactose; a trace of a pentose which appeared to be xylose, co-chromatographed with it. The peak I1 fraction appeared to consist entirely of glucose. Gluosamine was absent from both peaks. Quantitative analysis of both IOB and ~4 LPS peak I1 fractions showed that the heptose content of each was approximately 2 % while both preparations contained 1-5 % KDO.
Incorporation of sugars into lipid intermediates
Earlier work (Sutherland & Norval, I 970) showed that membrane preparations from K. aerogenes possess a very active UDPgalactose-4-epimerase. This meant that if either UDPglucose or UDPgalactose was added to an incubation mixture they could be interconverted. If the UDPgalactose and UDPglucose were labelled with 14C in the hexose part of the molecule and added to an incubation mixture containing membranes of K. aerogenes serotype 2, then it would be expected that the radioactivity would be incorporated into both lipopolysaccharide and exopolysaccharide lipid intermediates. Radioactivity from labelled GDPmannose, however, would be expected to be incorporated exclusively into exopolysaccharide lipid intermediates. Figure 2 compares the incorporation of radioactivity from l*C-labelled UDPglucose and GDPmannose into material soluble in chloroform/methanol(2 : I, v/v) by cell-free incubation mixtures prepared from wild-type (NCTC5055), non-mucoid (M4) and rough, i.e. lacking both 0-antigen and capsule, (IOB) strains of serotype 2 K. aerogenes.
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Incorporation of mannose into polymer
Much of the radioactivity from UDPglucose is known to be incorporated into glycogen in the cell-free systems described above (unpublished results), and so its incorporation was not followed in this study. Figure 3 shows the incorporation of radioactivity from GDPmannose (in the same incubation mixtures as in Fig. 2) into polymeric material.
DISCUSSION
The 0-antigen and LPS structures of Salmonella are now well defined as heteropolysaccharides attached to a defined core structure (Wright & Kanegasaki, 1971) . These polymers are the receptors for various bacteriophages, but the receptor sites for the bacteriophages of K. aerogenes are not very well understood. Many of these phages can induce capsule degrading enzymes, while others require the capsule as a receptor site (Sutherland, I 972). Phage F418, however, cannot attach to encapsulated bacteria (unpublished observation) and resistance to this phage by non-capsulated bacteria could occur in one of three ways: (i) by reversion to capsulation (mucoid); (ii) by development of immunity through the bacterium becoming lysogenic for that phage; or (iii) by loss or alteration of the phage receptor site through mutation.
In the K. aerogenes mutants IOB and 3 6~, it appears that (iii) has occurred. The galactan (which is analogous to the 0-antigen in Salmonella spp. or Escherichia coli) has been lost. Other phage-resistant mutants appear to be revertants to mucoidness and apparently the capsule protects the receptor sites.
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Gel filtration of the polysaccharide fraction obtained from partially hydrolys2d normal LPS (from wild-type bacteria or strain ~4 ) resulted in the separation of two fractions. A similar separation into two fractions was obtained with E. coli LPS (Schmidt et al., 1969) and with Pseudomonas aeruginosa LPS (Fensom & Meadow, 1970) . The larger molecular weight fraction, excluded from the gel, represents the O-antigen (galactan). The material included on the column, by analogy with the other bacteria studied, probably represents core polysaccharide. This core is not of the Salmonella type -it does not contain galactose. We found no evidence for a heterogeneous LPS as reported by Koeltzow & Conrad ( I 97 I) for NCTC243, serotype 2 K. (Aerobacter) aerogenes. Nimmich & Korten (1970) studied the chemical composition of lipopolysaccharides from I 2 different 0 serotypes of Klebsiella. Several strains had a high proportion of galactose in their LPS whilst others almost entirely lacked this sugar. In these galactose-deficient strains, mannose or rhamnose apparently replaced the galactose. It is possible that all Klebsiella O-antigens are homopolysaccharides.
When the incorporation of radioactivity from the sugar nucleotides into lipid intermediates was followed (Fig. 2) , it was seen that both mannose and glucose (or galactose) were incorporated regardless of the sources of the membrane. The wild-type (NTCC5055) cell-free system showed an initial high rate of incorporation of radioactivity from GPDmannose followed by a decrease, then a steady state; this was typical of the formation of a lipid intermediate which was turning over into polymer [see, for example, Anderson et al. (1965) The observed incorporation of radioactivity from both UDPglucose and GDPmannose into lipid by M4 cell-free preparations could be explained if lipid (i.e. undecaprenyl phosphate) were present in 'normal' amounts and the enzymes responsible for the addition of sugars from their nucleotide sugar precursor to the lipid (transferases) were still present, but turnover into polymer was somehow prevented. This might result in the accumulation of sugars on the lipid. In the case of mutant IOB, lipid would presumably be required only for peptidoglycan synthesis and might be at a lower than normal level. The transferases, however, still appear to be present. The results suggested that the defects in these mutants might be at the level of assembling the oligosaccharide units, which have been assembled on the lipid, into completed molecules outside the membrane. The increased incorporation of sugars on t o lipid, as observed for ~4 membranes, is characteristic of many of the nonmucoid mutants of K. aerogenes (Norval & Sutherland, unpublished results ). An accurate assessment of the lipid intermediates which were being formed is still not possible, because of the very low levels of sugars which are assembled on to the lipid. So far no system has been developed for K. aerogenes in which the different lipid intermediates can be separated. Attempts with concanavalin A have proved unsuccessful.
It should be noted that the incorporation of radioactivity from GDPmannose into lipid in Fig. 2 , especially by ~4 membranes, was dependent on the presence of UDPglucose in the incubation mixture and there is no evidence for a polymannosyl-lipid or any mannosecontaining polymer other than the expopolysaccharide in K. aerogenes.
Confirmation that no mannose-containing polymer (exopolysaccharide) was being synthesized by the cell-free system from either mutant is provided in Fig. 3 . As mentioned above, the incorporation of radioactivity from UDPglucose or UDPgalactose into polymeric material was greatly confused by much of the label being accumulated into glycogen. A
